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the	 application	 of	 sodium	 channel	 blockers	 (lamotrigine	 and	 carbamazepine).	
In	contrast,	 levetiracetam,	an	AED-	modulating	 synaptic	 function,	had	a	much	
smaller	effect.	The	 inhibition	of	gasping	by	 lamotrigine	was	accompanied	by	a	
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1 	 | 	 INTRODUCTION
Sudden	unexpected	death	in	epilepsy	patients	(SUDEP)	is	
generally	defined	as	death	in	epilepsy	patients	that	is	not	
triggered	 by	 a	 traumatic	 or	 structural	 cause.1	 The	 exact	
patho-	mechanism	 of	 SUDEP	 is	 not	 entirely	 understood,	
but	 several	 clinical	 observations	 indicate	 that	 seizure-	
induced	 hypoventilation	 and	 cardiac	 arrhythmia	 play	 a	
major	 role.2–	4	 Data	 obtained	 from	 patients	 who	 died	 of	










severe	 hypoxia).10,11	 The	 PreBötC	 is	 a	 core	 of	 intercon-
nected	neurons	 in	 the	ventral	 respiratory	group	and	has	
















lating	 AEDs	 could	 influence	 respiratory	 circuits	 during	
normal	conditions	and	under	severe	hypoxic	events.	For	
that	 purpose,	 we	 employed	 a	 murine	 ex vivro	 brainstem	







2 	 | 	 METHODS
All	animal	experiments	were	performed	using	approved	


















K E Y W O R D S
lamotrigine,	pacemaker,	persistent	sodium	current,	pre-	Bötzinger	complex,	SUDEP
Key­Points
•	 Antiepileptic	 drugs	 (AEDs)	 blocking	 sodium	
currents	such	as	carbamazepine	and	lamotrig-
ine	 did	 not	 affect	 respiratory	 rhythm	 during	
normoxia	but	disrupted	the	gasping	response	in	
transverse	brain	stem	slices.
•	 Non-	sodium	 current	 blocking	 AEDs	 (leveti-
racetam)	had	only	a	weak	effect	on	gasping	in	
transverse	brainstem	slices.




•	 Lamotrigine	 shifted	 the	 action	 potential	
rheobase	in	PreBötC	neurons	during	hypoxia.
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(Microm,	H650 V)	and	150–	250 μm	thin	slices	were	taken	
until	 the	 correct	 area	 of	 the	 brainstem	 was	 approached.	
As	anatomical	landmarks,	the	slices	included	the	inferior	
olive	 (I0),	 nucleus	 of	 the	 solitary	 tract	 (NTS),	 hypoglos-
sal	 nucleus	 (XII),	 and	 nucleus	 ambiguous	 (NA)	 (Figure	
S2A).23	A	single	550–	650 μm	thick	slice	was	then	prepared	




ing	 chamber,	 continuously	 superfused	 with	 oxygenated	
aCSF,	and	kept	at	a	temperature	of	30 ± 1°C.	To	initiate	
and	maintain	fictive	respiratory	rhythmic	activity,	the	po-





tion	 recordings	 were	 obtained	 with	 suction	 electrodes	
positioned	on	the	surface	of	the	ventrolateral	region	con-
taining	 the	 PreBötC.	 To	 obtain	 signal	 containing	 multi-	
unit	 action	 potential	 (AP)	 activity,	 extracellular	 signals	
were	amplified	10 000-	fold	and	filtered	between	0.25	and	
1.5 kHz	using	an	AM	Instruments	(A-	M	Systems)	extra-
cellular	 amplifier	 or	 a	 NPI	 EXT	 10	 2F	 (NPI	 electronic	
GmbH).	 To	 facilitate	 the	 detection	 of	 bursts,	 this	 signal	
was	 rectified	and	 integrated	by	using	an	electronic	 inte-
grator	with	a	 time	constant	of	50−100 ms	using	an	NPI	
integrator	 unit	 INR-	011	 (NPI	 electronic	 GmbH)	 or	 of-
fline	with	a	self-	written	Matlab	(MathWorks)	script.	The	
bursting	activity	was	categorized	into	(a)	eupnea,	(b)	sighs	










statistical	 significance	 between	 two	 groups	 of	 the	 same	
slice	(with	and	without	the	drug)	we	used	the	Wilcoxon	
matched-	pairs	 signed-	rank	 test,	 for	 two	 independent	
groups	i.e.	control	2	vs	a	group	with	medication	we	used	
the	unpaired	Mann-	Whitney	 test.	Mean	values ± stand-
ard	 error	 of	 the	 mean	 (SEM)	 are	 presented	 in	 text	 and	
figures,	 unless	 specified	 differently.	 Statistical	 testing	
was	 done	 with	 Prism	 7.01	 (GraphPad)	 and	 differences	










clamp	 experiments	 were	 performed	 with	 a	 patch-	clamp	
amplifier	 (Axopatch	 200B)	 or	 a	 NPI	 Bridge	 Amplifier	
(Model	 BA-	01X),	 a	 digitizing	 interface	 (Digidata	 1440A	
or	1550A	Digidata),	and	pClamp	10 software	(Molecular	
Devices).	 Current	 clamp	 recordings	 were	 performed	
after	 1  h	 equilibrating	 in	 the	 patch	 setup	 using	 record-
ing	electrodes	with	a	resistance	of	3–	5 MΩ	and	filled	with	
an	 intracellular	 whole-	cell	 patch-	clamp	 pipette	 solution	











For	 intracellular	 persistent	 sodium	 current	 mea-
surements	 in	 voltage	 clamp,	 slices	 were	 maintained	 at	
30  ±  1°C	 in	 a	 bath	 solution	 consisting	 of	 the	 following	
components	 (in	 mM):	 100	 CH3SO3Na,	 40  TEA-	Cl,	 10	
HEPES,	 2	 CaCl2  ×  2	 H2O,	 3  MgCl2  ×  6	 H2O,	 0.2	 CdCl2,	




H2O,	 10	 EGTA,	 2  MgCl2,	 4  Na2ATP,	 10	 HEPES,	 pH	 7.2,	
310  mOsm.	 To	 record	 persistent	 sodium	 currents,	 neu-
rons	were	held	at	−80 mV,	and	a	voltage	ramp	from	−80	
to	10 mV	was	injected	over	a	duration	of	1.8 s.	Cells	with	
a	 persistent	 current	 <15	 pA	 or	 a	 leak	 current	 >200	 pA	
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To	 perform	 morphologic	 reconstruction	 of	 biocytin-	
filled	 cells,	 imaging	 was	 performed	 on	 a	 Leica	TCS	 SP8	
confocal	 laser-	scanning	 microscope	 using	 a	 40×/1.3NA	
oil-	immersion	objective.	Z-	stack	tile	scans	of	the	region	of	
interest	were	acquired.	The	Cy3 fluorescence	was	excited	
at	 548  nm	 using	 a	 tunable	 white	 light	 laser	 and	 emis-
sion	 was	 detected	 between	 555	 and	 615  nm.	 For	 three-	
dimensional	 reconstruction	 of	 filled	 neurons,	 the	 slices	
were	imaged	at	a	voxel	size	of	0.2481 × 0.2481 × 0.7 µm.	
The	 tile	 scans	 were	 stitched	 using	 ImageJ-	based	 plugin	
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for	 grid-	stitching	 developed	 by	 Preibisch	 et	 al.	 Filament	
reconstruction	 was	 performed	 using	 neuTube	 software	
(Version	 1.0z,	 developed	 by	Ting	 Zhao,	 Howard	 Hughes	
Medical	Institute).
3 	 | 	 RESULTS
To	 investigate	 the	 effects	 of	 commonly	 used	 AEDs	 on	







Bath	 application	 of	 the	 sodium	 channel	 blocker	 lamo-
trigine	(LTG)	did	not	change	the	frequency	or	amplitude	
of	 fictive	 eupneic	 bursts	 generated	 in	 the	 PreBötC	 com-
pared	 to	 control	 conditions	 of	 the	 same	 slices	 (Figure	









It	 has	 been	 postulated	 that	 postictal	 hypoperfusion	 can	
cause	 dysfunction	 in	 the	 brainstem	 and	 trigger	 a	 cas-
cade	 of	 events	 eventually	 causing	 SUDEP.24	 Therefore,	
we	 measured	 the	 effect	 of	 AEDs	 under	 hypoxia	 in	 our	







reduction	 in	 the	 frequency	 of	 fictive	 gasping	 compared	
to	 their	 respective	 control	 hypoxia	 periods	 (Figure	 1C-	E	
and	 Figure	 S1C).	 Although	 the	 collapse	 of	 the	 inspira-





















caused	 by	 LTG)	 of	 the	 number	 of	 sighs	 (Figure	 S1F)	 in	
the	presence	of	CBZ,	suggesting	additional	effects	by	this	
drug.
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3.4	 |	 The­effect­of­the­AED­levetiracetam­
on­the­PreBötC­during­normoxia­and­hypoxia




AEDs,	 we	 tested	 the	 impact	 of	 levetiracetam	 (LEV)	 (a	
synaptic	vesicle	protein	2A	ligand)	on	the	PreBötC.	LEV	
(100 µM)	did	not	lead	to	any	significant	reduction	of	the	
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activity	generated	in	the	PreBötC	under	normoxic	condi-
tions	(Figure	3A,B).	However,	we	found	a	significant	in-
crease	 in	 the	number	of	 sighs	 (Figure	S1G).	 In	hypoxia,	
100 µM	LEV	slightly	but	 significantly	 reduced	 the	burst	
frequency	(Figure	3C-	E),	albeit	this	was	a	lot	less	promi-
nent	 than	 with	 LTG	 or	 CBZ.	 TTFB	 was	 not	 altered	 by	
LEV	(Figure	3F).	Because	LEV	(considered	a	non-	sodium	
channel	blocker	type	AED)	only	mildly	mimicked	the	ef-
fects	 of	 LTG	 and	 CBZ,	 we	 hypothesized	 that	 LTG-	 and	





Because	 persistent	 sodium	 currents	 play	 a	 major	 role	
in	rhythm	generation	 in	the	PreBötC,25	we	next	 inves-
tigated	 the	 effects	 of	 AEDs	 on	 persistent	 sodium	 cur-
rents	in	cells	of	the	PreBötC.	In	whole-	cell	patch-	clamp	
recordings	 under	 block	 of	 calcium	 (Cd2+)	 and	 potas-
sium	 channels	 (TEA,	 4-	AP),	 moderate	 (25  µM)	 and	
high	 (100  µM)	 concentrations	 of	 LTG—	as	 expected—	
significantly	 reduced	 the	 persistent	 sodium	 current	
evoked	 by	 a	 voltage	 ramp	 (Figure	 4A-	C).26	 For	 both	
concentrations	 of	 LTG	 the	 persistent	 sodium	 current	
was	 reduced	 by	 46  ±  5%	 (Figure	 4B,C),	 whereas	 LEV	
(100  µM)	 had	 a	 statistically	 significant	 but	 overall	
smaller	 impact	 on	 the	 amplitude	 of	 the	 persistent	 so-
dium	current	with	a	reduction	of	27 ± 3%	(Figure	4B,C).	




It	 is	 intriguing	 to	 speculate	 that	 the	 severely	 decreased	
fictive	 gasping	 by	 LTG	 demonstrated	 in	 Figure	 1C,D	 is	




and	 to	 dissect	 a	 putative	 mechanism,	 we	 tested	 the	 ef-
fect	of	LTG	on	spontaneously	firing	cadmium-	insensitive	
pacemakers	in	whole	cell	current	clamp	under	normoxic	
conditions.	 PreBötC	 pacemakers	 were	 identified	 by	 the	
maintenance	 of	 spontaneous	 and	 voltage-	dependent	 in-
trinsic	 bursting	 activity	 (Figure	 S4A)	 in	 the	 presence	 of	
20  µM	 6-	cyano-	7-	nitroquinoxaline-	2,3-	dione	 (CNQX)	
(Figure	5A).	Of	 interest,	25 µM	and	50 µM	LTG	did	not	
affect	 bursting	 in	 pacemakers	 (Figure	 5B,	 Figure	 S4B)	
under	these	conditions.	Although	this	result	seemed	sur-
prising	at	first,	it	is	actually	in	line	with	our	data	that	LTG	



















within	 the	 PreBötC.	 After	 5  min,	 the	 cells	 were	 exposed	
to	hypoxic	conditions	followed	by	wash-	in	of	25 µM	LTG	
10  min	 later	 (Figure	 6B).	 In	 hypoxia,	 neither	 firing	 rate	
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nor	 action	 potential	 (AP)	 rheobase	 changed	 compared	 to	
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odds	 ratios	 for	 SUDEP	 on	 LTG	 in	 some	 patient	 popula-
tions;	however,	these	effects	were	no	longer	present	after	
correction	for	GTCSs.29–	31	It	is	important	to	note	that	this	
confirms	 GTCSs	 and	 not	 AEDs	 as	 the	 most	 important	
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risk	factor	for	SUDEP1,4	and	underscores	the	importance	
of	 well-	balanced	 AED	 treatment	 to	 prevent	 GTCSs.	 The	








of	 awake	 rats,	 whose	 breathing	 activity	 was	 recorded	
under	normoxic,	hypoxic	(12%	O2),	and	hypercapnic	(5%	
CO2)	conditions.	 In	 this	model,	 intraperitoneal	 injection	









recordings,	 10  μM	 LTG	 decreased	 chemoreceptor	 action	
potential	frequency	but	not	amplitude.
The	 concentrations	 of	 lamotrigine	 used	 to	 investigate	
respiratory	 network	 function	 in	 this	 study	 ranged	 from	
1.280 μg/mL	(5 μM)	to	6.422 μg/mL	(25 μM)	to	12.844 μg/mL	
(50  μM).	 In	 patients	 undergoing	 surgery	 for	 intractable	
epilepsy,	CSF	concentrations	of	LTG	range	from	2.15 μg/mL	
to	 5.99  μg/mL.33	 These	 data	 underscore	 the	 clinical	 rele-













line	with	 several	previous	 studies	 that	have	 investigated	
the	 role	 of	 sodium	 currents	 in	 pre-	Bötzinger	 complex	
neurons	and	the	network	response	during	normoxia	and	
hypoxia.18,34–	36	 In	 line	 with	 our	 network	 measurements,	
we	found	a	significant	reduction	of	the	persistent	sodium	
current	 in	 single-	cell	 voltage-	clamp	 recordings,	 which	
was	more	pronounced	in	the	presence	of	LTG	compared	
to	 LEV.	 The	 observed	 smaller	 reduction	 caused	 by	 LEV	
is	probably	due	to	an	off-	target	effect	of	this	drug,	as	seen	
for	 many	 AEDs,	 and	 is	 unlikely	 to	 be	 mediated	 by	 its	
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normoxic	 conditions.18,37	 It	 is	 notable	 that	 these	 stud-
ies	 also	 established	 that	 riluzole	 at	 the	 same	 concentra-
tion	abolishes	intrinsic	bursting	of	the	sodium	dependent	
pacemaker	neurons,18,37	an	effect	that	we	did	not	find	for	
LTG.	 Del	 Negro	 and	 colleagues	 argued	 that	 because	 ri-




larly	 reported	 that	 riluzole	 application	 did	 not	 decrease	
the	 frequency	 of	 the	 respiratory	 rhythm;	 however,	 they	
found	that	the	drug	completely	abolishes	gasping	during	
hypoxia,	an	effect	that	we	also	saw	for	LTG.	Together	with	
the	 fact	 that	 in	contrast	 to	 the	majority	of	other	respira-
tory	 neurons	 the	 sodium-	dependent	 (Cd-	insensitive,	 CI)	
pacemaker	 neurons	 stay	 active	 during	 hypoxia,	 this	 led	
to	the	hypothesis	that	these	“neurons	become	the	essen-
tial	 drivers”	 of	 rhythm	 generation	 under	 hypoxic	 condi-
tions.18	 However,	 the	 results	 of	 our	 study	 seem	 to	 not	
entirely	support	this	hypothesis,	since	similarly	to	riluzole	
LTG	 did	 show	 a	 reduction	 in	 persistent	 sodium	 current	
and	a	strong	inhibition	of	the	gasping	activity,	yet	 failed	
to	 reveal	a	 clear	effect	on	voltage-	dependent	bursting	of	
the	 tested	 pacemaker	 neurons	 under	 normoxic	 condi-
tions.	In	a	set	of	these	neurons	(n = 3)	we	verified	that	this	
bursting	 behavior	 was	 suppressed	 by	 riluzole.	 Although	
we	 acknowledge	 that	 the	 sample	 size	 was	 rather	 small,	
we	deem	this	to	be	a	surprising	finding	that	deserves	fur-
ther	 investigation.	 In	 addition,	 we	 showed	 that	 neurons	






















in	 blood	 oxygen	 levels.	 When	 oxygen	 tension	 in	 the	 pe-











in	 cats	 with	 sodium	 cyanide	 (NaCN)	 leads	 to	 excitation	
of	respiratory	motor	output,	further	supporting	the	notion	
that	this	important	rhythm-	generating	network	is	also	in-








drugs.	 It	 should	 also	 be	 emphasized	 that	 medical	 drugs	
and	 pharmacological	 agents	 can	 have	 distinct	 effects	 on	
other	brain	areas	 involved	 in	respiratory	activities.	Such	
effects	 have	 been	 observed	 for	 doxapram,	 a	 respiratory	
stimulant	used	in	the	treatment	of	apnea	of	prematurity.43










mM,	which	 is	used	 in	 the	majority	of	studies	 investigat-
ing	the	PreBötC	network	in vitro.18,34,37,45,46	Although	this	
is	a	standard	procedure,	we	cannot	exclude	that	the	high	
extracellular	 concentration	 of	 potassium	 has	 altered	 the	
response	of	the	PreBötC	to	the	AEDs.	One	example	could	
be	 the	 Ih	 current,	 which	 is	 present	 in	 the	 PreBötC	 and	
has	been	shown	 in	 rat	hippocampal	neurons	 to	 respond	
to	LTG.47,48
In	 this	 study,	 we	 have	 used	 wild-	type	 mice	 in	 order	
to	 understand	 the	 effect	 of	 AEDs	 on	 the	 PreBötC	 in	 a	
healthy	brainstem.	In	 future	studies	 it	will	be	 important	
to	 assess	 if	 epilepsy	 changes	 the	 activity	 of	 the	 PreBötC	
and	the	effects	of	AEDs	described	here.	In	fact,	epilepsy	
can	 be	 associated	 with	 abnormalities	 of	 breathing,	 such	
as	impaired	breathing	rate	regulation	of	Dravet-	syndrome	
mouse	models	when	exposed	to	moderate	exercise	or	tem-
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